The petunia rbcS gene SSU301 was introduced into tobacco using Agrobacterium tumefaciens-mediated transformation. The time at which rbcS expression was maximal after transfer of the tobacco plants to the greenhouse was determined. The expression level of the SSO301 gene varied up to 9 fold between individual tobacco plants which had been standardized physiologically as much as possible. The presence of adjacent pUC plasmid sequences did not affect the expression of the SSrj301 gene. In an attempt to reduce the between-transformant variability in expression, the SSU301 gene was introduced into tobacco surrounded by 10kb of 5 1 and 13kb of 3' DNA sequences which normally flank SSU301 in petunia. The longer flanking regions did not reduce the between-transformant variability of SSU301 gene expression.
INTRODUCTION
A gene or gene fusion can now routinely be introduced into several plant species and it appears that the introduced DNA integrates randomly in the plant genome (1, 2) . Examination of independently transformed plants has shown a high degree of variability (up to 100 fold) in the expression level of the introduced gene (3) . Several studies have shown no correlation between this "between-transformant variability" and the copy number of the introduced DNA at a given locus (4, 5, 6) . It has been suggested that some of the variability in expression of introduced genes in transgenic plants is a consequence of "position effects" caused by influences of adjacent plant genomic DNA. Other factors that could contribute to the variability in expression are physiological variability of the plant material, differences in the number of independent T-DNA loci in different transformants or the inhibitory effects of certain T-DNA structures on gene expression (4) .
Between-transformant variability in expression has been observed for the majority of introduced genes in transgenic plants (for example, 3, 7, 8) . One exception to this phenomenon is the expression of a soybean conglycinin gene which varied only two fold in transgenic petunia plants (9) . Between-transformant variability has also been observed for many introduced genes in transgenic mice (10) . A recent study, however, demonstrated that the variability in expression of an introduced human B-globin gene was significantly reduced after introduction into mice of a "minilocus" that contained the 5' and 3' flanking regions of the human B-globin locus as well as the B-globin gene (11) .
The variability in expression of many introduced genes in independent transgenic plants necessitates large numbers of transgenic plant3 to be assayed to accurately quantitate the expression of the gene. It would be of great practical importance if the amount of between-transformant variability could be reduced. In this paper we describe our attempts at reducing the variability in expression of an introduced gene. Firstly the transgenic plants were standardized physiologically as much as possible. Secondly, an introduced gene was surrounded by long regions of flanking DNA to see if position-independent expression of the introduced gene could be achieved. We focused upon the expression of the most highly expressed petunia rbcS gene (encoding the small subunit of ribulose bisphosphate carboxylase), SSU301 (12), after it was introduced into transgenic tobacco plants surrounded by either short or long regions of its natural flanking chromosomal DNA. Additionally, we tested whether the presence of adjacent pOC plasmid sequences affected SSU301 expression.
METHODS

General methods
All general manipulations of DNA and RNA were carried out essentially as described in Maniatis et al (13) . Cloning steps to generate different SSD301 constructions
The petunia rbcS gene SSO301 (14) was subcloned into pUC13 (15) as a 4.2kb Clal -BamHI fragment from the lambda phage #30 (14) . The subclone contained the SSD301 coding region plus lkb of DNA digested with BamHI. Cosmid clones were recovered after the products of this ligatlon were packaged using a lambda phage packaging extract.
Plant transformation
The binary vector construction carrying the SSO301 gene was mobilised into the Agrobacterium tumefaciens strain LBA4404/pAL4404 (17) using tri-parental mating (18) . The stability of the construction in Aqrobacterium was examined using Southern blots of total Agrobacterium DNA (19) . Co-cultivation of the Agrobacterium strains with tobacco protoplasts and selection of transformed calli resistant to 100mg/l kanamycin was as described in van den Elzen et al (16). The kanamycin resistant calli were subcultured onto MS media (20) containing B5 salts (21), 0.1 mg/1 NAA and lmg/1 BAP. Shoots were rooted in MS media, transferred to soil and after 2 days at high humidity in a growth chamber, transferred into the greenhouse. RNA isolation and analysis RNA was isolated from tobacco leaves as described in Dean et al (12) and the concentration of RNA from the different plants, as measured by A 260 nm was checked on a formaldehyde-agarose gel. The slot blot analysis was carried out as described in Dean et al (12) and in each experiment alkali-hydrolysed RNA was included as a control to ensure that only RNA was contributing to the hybridization signal. A dilution series was included on each slot blot so that the relative signal strength of SSU301 expression in each plant could be accurately quantified. The 30A tail probe used in the slot blot analysis was labelled using T 4 DNA polyraerase as outlined in Dean et al (12) . Each slot blot experiment was repeated to confirm the different hybridization signals. The primer extension protocol using the 301T oligonucleotide was carried out as described in Dean et al (22) . Slot blots and primer extension gels were scanned using an LKB 2202 scanning densitometer. The dilution series were also scanned and the data points used to plot standard curves to correct for the non-linearity of the response of the X-ray film. Determination of kanamycin segregation ratios and genomic Southern analysis Genomic DNA was isolated from the tobacco plants as described in (23) and analyzed using genomic Southern blots and RNA probes as described in Jones et al (4) . The number of independent T-DNA insertions into each plant was assessed by analysis of the genetic segregation of kanamycin resistant seedlings. Seeds derived from self crosses were germinated on MS plates containing 200mg/l kanaraycin. Sensitive seedlings bleached within two weeks.
RESULTS
Physiological standardization of the tobacco plants
We have concentrated in this study on the expression of the petunia rbcS gene SSU301 (14) in transgenic tobacco plants. This gene is the most highly expressed rbcS gene in petunia leaf tissue (47.3% of the rbcS RNA, 12, 22) . For the quantitative studies on introduced SSO301 gene expression, it was important to determine when the SSD301 gene reached maximal levels of expression in the transformed tobacco plants. Initially we assayed the tobacco rbcS steady state RNA pools during the regeneration process to determine when maximal rbcS gene expression occurred. Figure 1 shows a Northern blot analysis of rbcS mRNA from two stages of callus differentiation, from rooted in vitro grown plants and from greenhouse grown plants. The pools Fig. 1 . Northern blot showing total rbcS expression at different stages during the regeneration of a tobacco plant. 2ug total RNA was electrophoresed on a formaldehyde-agarose gel, transferred to nitrocellulose and hybridized with pSSO51 (26) . This petunia cDNA clone will hybridize to both petunia and tobacco rbcS mRNA. The filter was washed in O.lxSSC, 0.1% SDS at 42°C. RKA was isolated from: 1. iji vitro grown plants 3 weeks after transfer into magenta boxes! 2T plants transferred to the greenhouse for 12 days; 3. for 25 days; 4. for 40 days; 5. shooting tobacco callus; 6. proliferating tobacco callus. RNA from two independent plants A and B was isolated at each time point. The bottom half of the figure shows the same filter exposed for a longer period of time in order to visualize the rbcS expression in callus.
of rbcS mRNA in both proliferating and shooting tobacco callus are low and can only be detected after a long exposure of the autoradiogram (Fig.l) . The rbcS mRNA levels increase significantly after the plants have rooted and continue to increase after the plants have been transferred to the greenhouse. Subculture of the jji vitro grown plants onto media lacking sucrose as well as extended culturing in vitro did not increase the rbcS mRNA level (data not shown). The maximum level of rbcS mRNA was found in tobacco plants after they had been transferred to the greenhouse for 25 days. The mRNA levels decreased after the plants had been in the greenhouse for 40 days. The level of rbcS mRNA was also monitored in leaves of different sizes from tobacco plants which had been in the greenhouse for 25 days. The rbcS mRNA level was highest in the 8-10cm leaves, approximately 5 fold lower in the larger lower leaves (greater than 25cm) and 5 fold lower in the emerging leaves (less than lcm) at the top of the plant.
We have also followed the expression of introduced petunia rbcS genes during the regeneration process in tobacco and found that they follow the same pattern described above for the endogenous tobacco genes (data not shown). Based on this information we assay the expression level of the introduced petunia rbcS genes in 10cm leaves of tobacco plants 25 days after transfer to the greenhouse. In attempting to physiologically standardize the independent tobacco plants, we transfer all the in vitro plants to the greenhouse at the same time and harvest the leaf material 25 days later at 10am. Despite our attempts to standardize conditions under which the tobacco plants were grown and the time at which RNA was extracted, a certain amount of physiological variability is inevitable in these regenerated plants. We I"-<" Fig. 3 . Primer extension analysis of SSD301 expression in transgenic tobacco plants. The oligonucleotide 301T was annealed and extended from lOug total RNA from each of the different plants as described in Dean et al (22) . Petunia and untransformed tobacco leaf RNA were included as controls.
PLANT * SHORT (Fig.4-B) LONG (Fig.4-C expression (data not shown). However, considerable between-transformant variability (9 fold) in expression occurs among these seven transgenic tobacco plants (Table I) was blunt-ended by treatment with DNA polymerase I, Klenow fragment and cloned directly into the Agrobacterium binary vector PAGS135.
The expression of the introduced petunia gene SSU301 with long and short flanking regions in independently transformed plants was analysed by hybridizing the SSD301 gene specific probe 30A (12) to slot blots containing total RNA from the transformed tobacco plants (Fig. 4) . The 3 1 tail probe 30A had previously been shown to not cross-hybridize with the endogenous tobacco rbcS genes (12) . Fig. 4, panel B shows the slot blot analysis of 10 tobacco plants containing the SSU301 gene flanked by lkb of 5' and 1.5kb of 3' sequences. The autoradiograph from the slot blot was scanned and the relative expression of the SSU301 gene in the different tobacco plants was expressed as a percentage of the expression level of SSU301 in petunia leaf tissue (Table I) . Three of the 10 transformed tobacco plants had undetectable levels of SSD301 expression whereas 7 of the plants had levels of SSD3 01 expression between 12-65% of that in petunia. Fig.4 , panel C shows the slot blot analysis of 17 independently transformed plants which carry the SSO301 gene flanked by 10kb of 5' and 13kb of 3' sequences. Two of these plants also had undetectable levels of SSD301 expression. The other transformed tobacco plants had levels of SSD301 expression ranging from 12-70% of that in petunia. A comparison of the mRNA levels in the two populations of transformed plants, shown in Fig. 4 panels B and C and the data summarized in Table I , clearly demonstrates that the addition of large amounts of flanking DNA did not abolish the between-transformant variability in the expression of the petunia rbcS gene SSU301.
Adjacent plasmid sequences do not affect the expression of an introduced rbcS gene
Data in the literature indicate that in transformation experiments involving transgenic mice, the presence of prokaryotic vector sequences is inhibitory to the expression of an introduced gene (10, 24) . We have tested whether adjacent plasmid sequences affect the level of expression of an introduced plant gene in transformed tobacco plants. The expression of the SSO301 gene with adjacent pOC sequences in 7 transgenic tobacco plants is shown in the primer extension analysis in Fig.3 and Table I . The RNA from these plants was also analyzed using a slot blot analysis (panel C, Fig 5) so that a direct comparison of the expression of the SSU301 gene with (Fig. 5, panel C) and without adjacent pUC sequences (Fig. 5, panel B) could be made. The data shown in Fig.5 and Table I show that pDC plasmid sequences do not affect the expression of the SSD301 gene. These and other data we have obtained (not shown) show that, in contrast to the situation in transgenic mice, adjacent pUC vector sequences do not impair the expression of introduced plant genes in transformed plants.
Analysis of number of T-DNA integrations in Independent transformants
For 13 of the tobacco plants, containing various SSD301 constructs, the number of independent T-DNA integration events was determined by a segregation analysis of kanamycin resistance in progeny from a self cross. Genomic Southern analysis was also carried out on the kanamycin-resistant progeny to confirm the presence of a corresponding number of SSD301 fragments. Copy number was assessed from the genomic blots using a combination of restriction digests that generated both internal and border fragments. Since a probe containing SSU301 coding sequences would cross-hybridize to all the tobacco rbcS genes, an RNA probe containing only the 3 1 flanking sequences of SSU301 was hybridized in the Southern blots.
The data summarized in Table II indicate that these tobacco plants contain between 1 and 3 segregating T-DNA loci. The distribution was similar for populations of plants carrying the SSO301 gene with either long or short flanking DNA regions. The genomic Southern analysis corroborated the results based upon genetic segregation. In the three individuals where SSO301 expression was undetectable, the SSD301 flanking sequence probe revealed that the sequences were absent, reflecting either instability of the T-DNA or incomplete T-DNA transfer. In the ten other individuals, the SSD301 gene copy number was similar to the KanR locus number.
The data of Table II (excluding the three (Fig.4-C correlation between the number of T-DNA loci and expression of the introduced gene (data not shown).
DISCOSSION
The petunia SSD301 rbcS gene shows considerable variability in expression levels in transgenic tobacco plants. This is similar to that found for a pea rbcS gene (8) and greater than that found for the soybean conglycinin gene (9) . It is unclear why different genes appear to respond differently in this regard. Variability in the expression of introduced genes could be due to a number of factors. Firstly, physiological variability of the plant material could be an important contributor. It has been suggested that the higher degree of variability in expression of the rbcS genes compared to storage protein genes is, in part, due to the greater difficulty of physiological standardization of leaves than developing cotyledons (4). We attempted to standardize the plant material as much as possible by transplanting all the transgenic plants into the greenhouse on Secondly, variation in locus number and T-DNA copy number" per locus could contribute to the variability in expression between transformants. Differences in locus number could clearly contribute to between-transformant variability since any T-DNA locus has a finite probability of contributing some level of expression. We determined the number of independent T-DNA loci in a limited selection of the plants described here. There was no direct proportionality between locus number and expression level (Fig.6) . The number of T-DNA loci in each transformant do not fully account for the variability in expression levels of the introduced gene in the small population which we have examined genetically.
Several studies have extensively investigated the relationship of copy number, at a given locus, and expression level and found no correlation (4,5,6). Southern analysis of the T-DNA in the transformed plants described here indicated that plants with more kanamycin resistance conferring loci contained proportionately more copies of the SSU301 flanking DNA (except where we show the SSO301 gene to be absent, probably due to incomplete T-DNA transfer). Thus, these results agree with the previous studies (4, 5, 6) namely that copy number does not account for the variability in expression. Certain complex structures consisting of multiple inverted repeats of the T-DNA have been shown to be associated with very low expression levels of the introduced gene (4) . We see no evidence for these kinds of structures in the plants examined here.
Thirdly, variability in expression could be a consequence of "position" effects of adjacent genomic DNA. Addition of longer flanking regions (10kb of 5' and 13kb of 3' sequences) to the SSO301 gene did not reduce the between-transformant variability in expression. We have also found that surrounding a petunia Cab gene with 7.5kb of 5' and 3kb of 3 1 flanking DNA did not prevent the variability in expression (25) . In contrast to these results, the addition of sequences that normally flank the human B-globin locus to the human B-globin gene resulted in position-independent expression in transgenic mice (11) . The petunia SSD301 gene with short flanking DNA reached endogenous levels of expression in transgenic tobacco whereas the human B-globin gene in transgenic mice only reached endogenous levels of expression when extra flanking DNA regions were included. Thus, DNA regions flanking the B-globin locus contain dominant regulatory sequences that are required for full level expression of the B-globin gene. In contrast, the regulatory sequences of the petunia rbcS and Cab genes appear to be located relatively close to the genes and the inclusion of extra flanking DNA did not provide additional essential cis-acting sequences.
Since surrounding the introduced SSO301 gene with long regions of flanking DNA did not reduce the variability in expression between independent transformants we cannot conclude whether "position" effects are not major contributors to the variability or whether the "position" effects operate over relatively long distances. From a practical standpoint however, we can conclude that surrounding these genes with longer regions of flanking DNA will not reduce the variability in expression and thus the number of transformants that need to be analysed.
